Formulae for dynamic polarization in solids having an inhomogeneous electron spin system and a nuclear spin system which can be described by one single spin temperature were derived. It was assumed that the spin temperature, in the rotating frame of those paramagnetic centres which fulfil a)e = a> + a>n or a>e = co -con , can increase due to thermal contact with the nuclear spinsystem brought about by high microwave power. Field fluctuations, at the positions of the paramagnetic centres, due to relaxation flipping of surrounding nuclei and paramagnetic centres were also taken into account. Formulae obtained for the enhancement and polarization time as a function of microwave power and for the enhancement as a function of field modulation frequency and -amplitude agreed well with the experimental results in CaF, single crystals containing H atoms.
Formulae for dynamic polarization in solids having an inhomogeneous electron spin system and a nuclear spin system which can be described by one single spin temperature were derived. It was assumed that the spin temperature, in the rotating frame of those paramagnetic centres which fulfil a)e = a> + a>n or a>e = co -con , can increase due to thermal contact with the nuclear spinsystem brought about by high microwave power. Field fluctuations, at the positions of the paramagnetic centres, due to relaxation flipping of surrounding nuclei and paramagnetic centres were also taken into account. Formulae obtained for the enhancement and polarization time as a function of microwave power and for the enhancement as a function of field modulation frequency and -amplitude agreed well with the experimental results in CaF, single crystals containing H atoms.
It has been reported earlier 1 that a strong solid state effect (maximum enhancement of 190) can be observed in CaF2 with diluted H atoms as paramagnetic impurities. In this preliminary work a qualitative explanation was given for both the strong solid state effect in CaF2 and the fact that the enhancement could be increased by modulating the magnetic field.
In this model the nuclear spin system, where the internal equilibrium is brought about by spin diffusion 2 , was supposed to be in thermal contact with two types of paramagnetic centres: a few polarizing centres Nv , which fulfil the conditions ooe = co + coD or 0Je = OJ -con and which are at a low rotating frame spin temperature Tg 3 , created by microwave irradiation and many relaxing centres NT at lattice temperature TL . The spin temperature of the nuclear spin system (it is assumed that this system can be described by one single spin temperature) will lie between and TL depending on the number of polarizing and relaxing centres and the thermal contacts involved.
The velocity of energy transfer between polarizing centres and the nuclear spin system increases proportionally with microwave power, while nuclear relaxation is not influenced. We would therefore expect that for sufficient microwave power the maximum value ye/yn for the enhancement would be reached.
Reprint requests to Dr. P. ZEGERS, Magnetic Resonance Laboratory, EURATOM Joint Research Centre, 1-21020 Ispra/Varese, Italy. 1 R. VAN Ampere, Grenoble 1968, p. 466. This is, in practice, rarely realized due to the fact that at a certain power level the polarizing centres receive more energy per unit time, than they can dissipate into the lattice. At this point the polarizing electrons are warmed up in the rotating frame and the enhancement becomes power independent at a value which can be much lower than ye/yn .
The following formula for the enhancement was obtained:
for rapid spin diffusion 4 is the bulk nuclear relaxation rate due to the NT relaxing paramagnetic centres;
is the inverse of the characteristic time for energy exchange between the electron in the rotating frame which fulfils coe = co ± coa and the nuclear spin sys- contribution plus a contribution from surrounding nuclei 6 and paramagnetic centres, which may fluctuate due to spin-spin and spin-lattice relaxation processes.
The aforementioned discrepancies can be avoided when we take into account these local field fluctuations. In this way the strong solid state effect, the modulation effect, the microwave power depence of the enhancement and of the polarization time, can be described in a satisfactory way. This will be shown in the following.
Width dH of the Polarizing Region
In the model proposed in the introduction, the polarizing electrons have their Larmor frequencies in a region of the ESR line around 0)e = a) + ojn with width dH. Knowledge of dH is essential for the calculation of the enhancement and of the polarization time and will therefore be evaluated first.
An electron will be in a polarizing state when the condition for the solid state effect is fulfilled with at least some of its surrounding nuclei. These nuclei have their Larmor frequencies spread over a certain range, the width of which determines dH. 
Local Field Fluctuations
Due to field fluctuations induced at the position of the paramagnetic centre by surrounding nuclei and electrons, the electron can be said to jump from one place in the ESR line to another and will sometimes have its frequency in the polarizing region (dH). It can happen that the electron polarizes its surrounding nuclei continuously even when it spends only a part of the time in the polarizing region. In this case the number of "polarizing" electrons Nv'
will be much higher than when field fluctuations are absent. One can say that the effective width of the polarizing region increased due to field fluctuations.
We will now study the influence of field fluctuations on the width of the polarizing region for an inhomogeneous ESR line with spin packets of width £ (we assume that spectral diffusion and cross 6 P. ZEGERS and R. VAN STEENWINKEL, Physica 33, 332 [1967] . H. E. RORSCHACH, Physica 30, 38 [1964] .
relaxation are absent). The field fluctuations at the position of an electron, induced by neighbouring electrons make the electron "jump" within a spin packet while on the other hand, field fluctuations induced by neighbouring nuclei make the electron jump from one spin packet (or from one ESR line) to another.
We will initially neglect field fluctuations due to neighbouring nuclei by assuming that they are very slow. The electron will then stay in the spin packet and jump within it with a characteristic time T^e (electron spin spin relaxation time).
When the condition for the solid state effect is fulfilled somewhere in the investigated ESR line and when dH is smaller than then the polarizing region will overlap partially a number of spin packets ( Fig. 1 ). This means that electrons in one of these spin packets will have a probability r of being in a polarizing region. The value r decreases with increasing values of A = (co^ -coev)/ye (co^ is the resonant frequency of the involved spin packet and coev equals co + con) and is given by
-oo g(<x> -co0) the normalized line from of the spin packet. The average time an electron spends in the polarizing and non polarizing region of the spin packet respectively is then:
The thermal contact between the paramagnetic centre and the surrounding nuclei is then, for sufficiently strong microwave power, present during tp and practically absent during tT.
We will now assume that the Np' "polarizing" electrons have a value of A lying between the limits -Ai, and + Ai,. These electrons will for sufficiently strong microwave power contribute continuously to the polarization of the surrounding nuclei, even when they have only a probability r of being in the polarizing region.
The bulk nuclei are polarized due to the thermal contact via spin diffusion with the nuclei near the "polarizing" electrons. In order to simplify calculations we will assume that the nuclear polarization is equal to the bulk polarization P for r > d + a or b + a and equal to Px in a shell with d < r < d + a or b < r < b + a. The enhancement of the bulk polarization is mainly brought about via nuclei with distances between d (the diffusion barrier, in the case of rapid spindiffusion) respectively b (the pseudo potential radius in the case of diffusion limited polarization) and d + a respectively b + a, where a is the lattice parameter. The influence of nuclei with r<.d or b can be neglected for the case of spin diffusion and the direct interaction can be neglected for r > 6 + a or d + a due to the fact that this interaction decreases repidly with increasing r. The polarization Px is assumed to be the same for all shell nuclei and lies somewhere between P and II1 (polarization of the polarizing electron in the rotating frame) depending essentially on r and on the thermal contacts with the polarizing electron and with the nuclear spin system. The nuclear spin system (r>fe + fl or d + a) is now, on one hand, in thermal contact with NV' shells, with external radii d + a or b + a, containing nuclei at a spin temperature T1 corresponding to (T1 varies with r) and, on the other hand, with NT relaxing centres at a spin temperature TL .
When the condition for the solid state effect is fulfilled in the centre of the investigated ESR line then the polarization P of the bulk nuclei is described by the following equation
G(A) N d A is the number of paramagnetic centres
with a value A, with the normalized ESR line shape G{A).
We will assume that G(A)^G{0) for -AL<A< +AL.
(N = total number of paramagnetic centres per cm 3 , a = the ratio of the surface of the investigated ESR line to the sum of the surfaces of all lines in the ESR spectrum, 1/7^ = flip-flop probability for two neighbouring nuclei, and 7\n = spin lattice relaxation time of the nuclear spin system, due to NT relaxing centres.)
Calculation of the Enhanced Nuclear Polarization and the Polarization Time as a Function of the Microwave Power
With Eq. (6) we are able to calculate the enhancement in a stationary state, provided that we know the parameters Px and AL. It is possible to write Pj as a function of P and JJx, while TI, is influenced by two mechanisms: a spin lattice relaxation mechanism in the rotating frame which tends to give the electrons a polarization Z70 and the thermal contact with shell nuclei which tends to equalize P, and IIx. We are therefore able to express 77x in terms of Il0 and PI . We have thus two equations with two unknowns Px and 77 x, which can be solved. When we insert the value of Px obtained in Eq. (6) we are able to calculate P.
We can now write out equations for the polarization Px of the shell nuclei during tp and tv respectively. During t^ the shell nuclei are in good thermal contact with both the nuclear spin system and the polarizing electron. The thermal contact between the shell nuclei and the rotating frame electron improves proportionally with increasing microwave power and is characterized by Tvex given by Eq. --Pit. l/«i 1 pex + 1 /Tn) + njnx I pex + P/1 ff • During tT the shell nuclei are in good thermal contact with the nuclear spin system, but in bad thermal contact with the paramagnetic centre. When we neglect the relaxation of shell nuclei due to direct interaction with the electron, we can write
Px reaches an equilibrium value when an increase during tp [Eq. (7)] is compensated by a decrease during tT [Eq. (8)]
The equilibrium value is given by:
The polarization of the electron in the rotating frame IIx in Eq. (9) is determined by two factors: 1. A spin lattice relaxation mechanism which tries to restore a rotating frame spin temperature T'so ~ (yjye) ^L? an d 2. A thermal contact between the polarizing electron and the shell nuclei which tends to equalize the spin temperatures of both in a characteristic time Tpex and which is present during tp and absent during tx.
During tv, 771 is governed by the following relation:
Tle is the electron spin lattice relaxation time in the rotating frame. During tr the polarizing electron is in poor thermal contact with the shell nuclei. If we assume that during tT a rotating frame spin temperature can also be defined for the electron, then it will go back to its equilibrium spin temperature T$0 in a characteristic time 7\e
With Eqs. (10) and (11) we are thus able to calculate the value of II x in Eq. (9). In the evaluation of IIi we will distinguish two cases: 1. tT>Tie and 2. tT < TXe .
tr>Tu
Under this condition the polarizing electron has during tr time to reach its equilibrium value 770 . During tp , IIX is initially 77 0 and changes according to Eq. (10). In order to simplify calculations we take for IIx in Eq. (9), the average value during tp , l-exp{-(l/rie + l/r p ex) 'pi (12b) (l/rie + l/Jp ex; tp We are now able to calculate the polarization P of the nuclear spin system in a stationary state from Eqs. (6), (9), (12 a) and (12 b). The enhancement is then given by:
The characteristic time Tp in which the nuclear system reaches its equilibrium polarization is, according to Eqs. (6), (9), (12 a) and (12 b), given by
in both equations is given by:
For sufficiently low microwave power Ta equals n i Tpex , while for high microwave power T& readies a minimum value (1 +T-[e/tp). When the maximum enhancement in the last case is smaller than /e/Vn the polarizing electrons in the rotating frame are heated up.
In the equations for E and Tp, A-^ is still unknown. 2 Ai is the width of the region in the ESR line where "polarizing" electrons have their Larmor frequencies. We define here a "polarizing" electron somewhat loosely as an electron which gives its shell nuclei a continuous polarization Px higher than P. During tv , P± is for sufficient microwave power, larger than P while we assume that this condition during tT, where P1 tends to P according to Eq. (8), is fulfilled for Tn>tT. An electron is therefore in a "polarizing" state when its value tT is smaller than Tff.
Al is now the value A of electrons for whidi T{f equals tr, and can be calculated with Tf f = tT, Eq. (5) and the known shape of the spin packet.
tr<Tle
Here Ux, during tT does not have the time to go back to II0 . nx can be obtained from Eq. 
The polarization rate of the nuclear spin system is:
Ai.
J_ _ 2aN G (0) C Tp n
The maximum value of E is reached for high microwave power such that Tpex jr is much smaller than T\e + Tf(/n1. The polarizing electrons then receive during tp more energy from the nuclear spin system than they can dissipate into the lattice during tp + tT. The electrons in the rotating frame are consequently heated up and II1 readies a minimum value which can be calculated from Eqs. (9) and (16). ZIL can be calculated in the same way as for case one.
Local Field Fluctuations Induced by Surrounding Nuclei
So far we have neglected the influence of field fluctuations induced by surrounding nuclei. These fluctuations, however, influence Px and therefore the enhancement of the bulk nuclei. Due to these field fluctuations, the paramagnetic centre spends an average time tp and in the "polarizing" (2 AL) and "nonpolarizing" region of the ESR line respectively. The polarization P1 is therefore modulated by these field fluctuations.
During tp, Px tends to an equilibrium value whidi lies somewhere between 770 and P depending on T{f and on Th [Tb is Tjx in the first case (Eqs. (9) and (12)) and n1 {Tie -f TpeJr) in the second case (Eqs. (9) and (16))] and which is given by:
The shell nuclei will reach this equilibrium polarization in a characteristic time l/T^+l/Tn. During , Pt tends to P according to Eq. (8).
We will discuss the influence of the field (13), (14), (17), and (18) can be omitted.
Apparatus and Experimental Results
The ESR measurements were done with an AEG X-band spectrometer with a microwave frequency of 9.3 GHz.
The strong microwave field needed during dynamic polarization experiments, for the saturation of the electron spins was delivered by a 6 Watt two cavity Klystron (Varian 508) with a fixed frequency of 9.5 GHz. A cylindrical cavity was used which could be tuned easily to the fixed klystron frequency. The microwave power incident on the coupling hole could be regulated with a 50 db attenuator.
For field modulation experiments a rectangular AEG X-band cavity was used (TE 102 mode) where the skin effect was negligible up to 150.000 Hz.
Both the polarization and spin lattice relaxation time of the nuclear spin system and the enhancement were measured with a pulse spectrometer, the frequency of which could be varied over a range of 14-15 MHz. The NMR signal was detected with a coil of 7 turns around the crystal which, when inserted into the cavity, did not influence its Q. For one case a 48 MHz pulse spectrometer was used.
For measurements at 80 °K the CaF2 single crystal was placed in vacuum and glued to a copper rod in thermal contact with liquid nitrogen 6 . For measurements at 290 °K the crystal was cooled with a stream of nitrogen gas the temperature of which could be regulated.
The experiments were performed with single crystals of CaF2 (Quartz et Silice) containing H atoms as paramagnetic impurities. The paramagnetic resonance of these centres has been investigated by HALL and SCHUMACHER 8 . The H atoms were introduced into the crystal, according to their recipe, by heating CaF2 single crystals in a H2-atmosphere (10 cm Hg) at 900 °K for several days and by irradiating them afterwards with X-rays for ten hours at 190 °K. H atoms in CaF2 are stable up to 420 °K. The maximum concentration obtained was 1.7 • 10 18 cm -3 . The concentration was determined by comparing the signal from the H atoms with that from lignite containing a known number of paramagnetic centres per gram.
All our experiments were performed with a H atom concentration of 1.7-10 18 cm~3 and with H0 parallel to the [110] direction of the single crystal. The ESR spectrum consisted then of two groups of thirteen well separated inhomogeneously broadened lines with a line width AHe = 2.50 0e (Fig. 2) . At room temperature the saturation parameter s = ye 2 Hx 2 T\e Toe of one of these lines was equal to unity for a microwave power of 0.5 mW. The spin lattice relaxation time Tie as a function of the temperature has been measured, for H atoms, by FELDMAN et al. 9 . 
Fluorine spin lattice relaxation time (Tin)
Tin was measured as a function of the static magnetic field at 290 °K and we obtained 2 sec and 12 sec respectively for 3.8 kOe and 12 kOe. In order to understand the nuclear relaxation mechanism Tin was measured at 290 °K and 80 °K in a static magnetic field of 3.8 kOe in CaF2 single crystals with a H atom concentration of 1.7• 10 18 c/cm 3 (Tin), in CaF2 single crystals which were X-irradiated but not heated in a H2 atmosphere (Tin), and in CaF2 single crystals as received from the producer (T"'in). The results are presented in Table 1 . The nuclear relaxation was in all cases exponential. The fluorine NMR line width was 2.5 Oe (r2n = 2-10-5 s). Table 1 .
Enhancement *
The enhancement was measured as a function of microwave power at 290 C K and 80 °K (Figs. 3 and 4) . The condition a)e = co + &)n was fulfilled in the centre of the central line of the high field group. The ratio a of the surface of the investigated line to the total surface of all the lines in the ESR spectrum is l/ll. 
Polarization time Tp
The characteristic polarizing time Tp in whidi the nuclear spin system reaches its solid state effect enhanced equilibrium polarization, was measured as a function of microwave power at 290 and 80 The time dependence of the polarization was in all cases exponential. The values of Tp are given in Table 2 Table 2 .
Modulation effect
The static magnetic field H0 was modulated and the influence of this field modulation on the nuclear enhancement was studied. In CaF2 at 290 °K the ratio Emod/E (ratio of the enhancement with and without field modulation) was measured as a function of the modulation frequency vm and modulation amplitude Hm . The results are given in Fig. 5 .
Discussion of the Experimental Results

Nuclear relaxation
In CaFo at 290 U K nuclear relaxation occurs mainly via rapid spin diffusion. This can be con- eluded from the fact that the measured values of Tin are proportional to H0 15 . According to BLUM-BERG 12 the nuclear spin system is relaxed via rapid spin diffusion when 7\n is proportional to H0 2 , while in the case of diffusion limited relaxation Tln is proportional to Hq 1 / 2 provided is independent of H0.
From nuclear relaxation time measurements it is also concluded that at 290 °K nuclear relaxation is caused by H atoms and at 80 °K by other centres which are introduced into the crystal by X-irradiation, along with the H atoms (see Table 1 ). The supposition that nuclear relaxation at 80 °K is more effectively executed via other paramagnetic centres is supported by the fact that the ratio of 7\n at 80 °K and 290 °K is much smaller than one would theoretically expect [Eq. (lb) ]. Since Tin is in our case proportional to 7\e both at 80 °K and at 290 °K (Tu is resp. 3-10-3 s and 3'10-6 s) one would expect this ratio to be 1000 whereas the experimental value is only 4.5.
E at 290 °K At room temperature Eqs. (13) and (14) must be applied since rle(3' 10 -6 s) is shorter than t T whidi is given by Eq. 
The theoretical E -H 2 curve given by Eq. (21) coincides with the experimental curve when dH = (Fig. 6) . Tie is thus larger than tT for all "polarizing" electrons.
In Eq. (17) we can neglect both Tvex/r, for sufficiently strong microwave power, and Tff/n, ( = 6-10 _4 /400 = 1.5 • 10~6 s). We get then for £max with G(0) • AHe « 1:
In order to calculate EmSLX we must determine zlL. We then obtain £max = 7.5 using the following values a =1/11, W = 1.7 • 10 18 c/cm 3 , 770/P0 = 700, Tln = 9 s, n = 5 • 10 22 k/cm 3 and Tu = 3 • 10~3 s. This value of Emax agrees reasonably well with the measured value of four.
The low enhancement at 80 °K is attributed to the fact that nuclear relaxation at this temperature is mainly determined by unknown paramagnetic centres and that the polarizing electrons in the rotating frame are heated up. If the unknown centres were not present 1 in should be 2000 s and ^max should be much higher.
Modulation effect
The importance of the modulation effect was already studied in a previous paper 1 . The effect could be explained, but much too large a value of dH had to be chosen in order to fit the experimental curve.
We will now investigate whether, at 290 °K, the experimental Emo&/E -vm curve can be matched to the theoretical curve taking into account the assumptions of this work. This was done for a modulation amplitude of 2.8 Oe, at a microwave power of one watt where E equals 150. The theoretical curve can be calculated with Eqs. (21) 
